Previous studies have shown that listeners' perceptions of tones within a musical context are influenced by a hierarchy of tonal functions. This study investigated the influence of this hierarchy on the perception of microtones finer than the chromatic tones. Following the probe tone method introduced by Krumhansl and Shepard (1979) , listeners rated each of the 48 eighth tones that occur within an octave interval according to how well that tone fit in with a major scale played just before the tone. Listeners discriminated in their preferences for tones separated by quarter-tone-but not eighth-tone-intervals, and their rating patterns conformed to a hierarchy of tonal functions extended to the quarter tones. A Fourier analysis of the data showed that listeners' rating patterns over the 48 eighth tones were necessarily and sufficiently estimated by a Fourier curve generated by the subset of 24 quarter tones, and that ratings for all tone frequencies not probed could be justifiably interpolated from this curve.
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Previous studies have shown that listeners' perceptions of tones within a musical context are influenced by a hierarchy of tonal functions. This study investigated the influence of this hierarchy on the perception of microtones finer than the chromatic tones. Following the probe tone method introduced by Krumhansl and Shepard (1979) , listeners rated each of the 48 eighth tones that occur within an octave interval according to how well that tone fit in with a major scale played just before the tone. Listeners discriminated in their preferences for tones separated by quarter-tone-but not eighth-tone-intervals, and their rating patterns conformed to a hierarchy of tonal functions extended to the quarter tones. A Fourier analysis of the data showed that listeners' rating patterns over the 48 eighth tones were necessarily and sufficiently estimated by a Fourier curve generated by the subset of 24 quarter tones, and that ratings for all tone frequencies not probed could be justifiably interpolated from this curve.
In recent years, a number of investigators have reported empirical evidence of a diatonic hierarchy of tonal functions as an active cognitive mechanism in the perception of musical tones. These tonal functions are defined by a tone's stability relative to the tonic tone within a musical context, with less stable tones having a tendency to move toward more stable tones for resolution. Krumhansl and Shepard (1979) developed the probe-tone method to quantify listeners' perceptions of single tones within a musical context and found that the context defined such a tonal hierarchy for listeners. In that study, listeners heard an incomplete major diatonic scale followed by a single probe tone and judged how well that tone completed the scale they had just heard. Response patterns of listeners' preferences for tones conformed to the hierarchy of tonal functions, with the diatonic tones (e.g., C, D, E, F, A, B, C in the key of C major) preferred over the nondiatonic tones, and the three most stable tones, the tonic (C), dominant (G), and mediant (E) preferred, in that order, over all other tones. Krumhansl and Kessler (1982) found a similar hierarchy of tonal stabilities using the probe-tone method for musical contexts other than a scale. In musical contexts consisting of either single harmonic chords or 3--ehord cadences, listeners' response patterns conformed to a stable hierarchy of tonal functions within major/minor key modes. Evidence of a hierarchy of tonal stabilities has also been found in the musical perceptions of children (Krumhansl & Keil, 1982) and in the musical perceptions ofpeople from non-Western cultures whose music is different from Western music (Castellano, Bharucha, & Krumhansl, 1984; Kessler, Hansen, & Shepard, 1984.) These studies suggest that cognitive mechanisms exist for organizing the 12 chromatic tones within musical contexts according to relations consistent with music theory . However, studies on tonal discriminability show that listeners' perceptions of the tonal frequency continuum extend to a granularity finer than that of the chromatic tones. For example, in tasks in which listeners judge which of two intervals is larger, the discriminability threshold between intervals has been as low as 16 cents for musically trained listeners and as high as 75 cents for untrained listeners (Bums & Ward, 1978; Dobbins & Cuddy, 1982; Houtsma, 1968) , all well below the 100-cent size of the semitone interval that separates two chromatic tones. Evidently, musical intervals that deviate in size within these discriminable microtonal ranges are categorically interpreted by listeners as being one of the familiar intervals derived from the chromatic tones (Bums & Ward, 1978; Seigel & Siegel, 1977a , 1977b Zatorre & Halpern, 1979) . How do listeners perceive tones that are finer than the chromatic tones in relation to the wellestablished hierarchy of tonal functions?
In this study, I addressed this question and investigated the influence of a diatonic hierarchy of tonal functions at microtonal intervals. To extract listeners' musical perceptions of nonchromatic tones, I extended the probe-tone method introduced by Krumhansl and Shepard (1979) and systematically considered probe tones that were denser than the chromatic tones. The objective was to determine how finely a set of probe tones must divide the octave to ensure that a profile of preference ratings captured all the significant psychological structure possible. To achieve this objective, I followed an approach used in sigCopyright 1987 Psychonomic Society, Inc.
nal processing and performed a Fourier analysis on the preference rating data. Two constraints were observed to select a probe-tone sampling rate for this analysis: First, the set of probe tones had to contain the 12 chromatic tones, since these tones are the primitive units of Western music; second, the probe tones had to occur at equal (logfrequency) intervals to enable the use of a Fourier analysis algorithm. Together, these constraints imply that the selected probe-tone sampling rate must be an integral multiple of the semitone sampling rate (which, for the octave interval, is 12). A semitone sampling rate has been used in Fourier analyses of profiles in other studies (Cuddy & Badertscher, 1987; Krumhansl, 1982) . In these analyses, I used a sampling rate of 48, which corresponds to the eighth tones.
It is possible that listeners will perceive these eighth tones as musically distinct elements despite the fact that they are rarely, if ever, heard in Western music. Alternatively, these tones, if distinctly perceived, might simply be interpreted as mistunings of their familiar chromatic-tone neighbors, and thus be "categorically assigned" the tonal function associated with the presumed mistuned chromatic tone. If so, we would expect the preference rating patterns of these microtones to not appreciably deviate from those obtained with the less dense chromatic-tone probes.
Performing a Fourier analysis on preference ratings also offers the ability to interpolate, on the Fourier curve, the ratings of tones not probed. Interpolation would be particularly useful for studying profiles obtained in musical contexts generated by tones not found in the chromatic scale, such as in scales from non-Western cultures or in artificially constructed scales (such as the distorted scales reported by Jordan & Shepard, 1987) . Profiles from such musical contexts may be compared to profiles from a diatonic context, for example, by interpolating in the diatonic context ratings for tones not probed in that context, but probed in the nondiatonic context.
In the following experiment, listeners were presented with a major scale followed by one of the eighth-tone probes, and were asked to rate how well they thought the probe fit in with the scale they had just heard.
METHOD
Subjects
Twelve Stanford University undergraduates participated in the experiment for credit toward an introductory psychology course requirement. On the basis of their responses to a questionnaire concerning their musical background (handed out at the beginning of the course), listeners were selected over a wide range of musical experience. Each listener participated in a single l-h experimental session.
Apparatus
Tones were generated on a 64K Apple II Plus microcomputer operating a MountainComputer Music System synthesizer. The synthesizer samples at 32,000 points per second and filters out all frequencies above 14000 Hz. Sine waves with 30-msec rise and decay times were used for all tones. Amplification of the tones was equalized to compensate for the effect of the filters. Analog output
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was recorded on a Sanyo Plus 0 55 stereo tape recorder, and during the experimental session was played on that same tape recorder.
Stimulus Materials
In each trial, listeners were presented with either an ascending or descending sequence of tones consisting of the eight tones (including the octave) of a diatonic major scale, followed by a probe tone. In all sequences, the tone duration was 0.5 sec, with an intertone interval of 0.05 sec. The probe-tone duration also was 0.5 sec, and was presented 1.5 sec after the final tone of the sequence. Listeners were then given 7 sec in which to record their responses before the next trial began.
Different frequency ranges were used for variety. (Previous studies have shown that the structure of perceived musical relations is invariant under transposition; e.g., Attneave & Olson, 1971; Dowling, 1978; Dowling & Fujitani, 1971 .) The ascending scale range was C-C' (based on a 440-Hz A), and the descending scale range was D~-0 '. Probe tones consisted of tones obtained from a sampling rate of 49 (inclusive) points per octave-that is, the eighth tones-for each of the two frequency ranges. The equation for these eighth-tone frequencies is Ri/48,  where to = fiO) is the frequency of the starting tone of the scale, fii) is the frequency of the tone that is i eighth tones away from to (where i = 1,2,3, ... for ascending scales and i = -I, -2, -3, ... for descending scales), and R = 2 is the ratio of the frequencies of an octave. The 98 trials were presented in four blocks of length 24 or 25, and the ascending and descending scales were randomly ordered across the four blocks.
Procedure
Similar to Krurnhansl and Shepard (1979) , listeners were instructed to rate on a 7-point scale how well the probe tone fit in, musically, with the immediately preceding musical scale. On the rating scale, I was marked does not fit at all and 7 was marked fits very well. Listeners were encouraged to use the full range of the rating scale, and it was emphasized to them that the rating was a subjective rating. Listeners were told that the scales would be both ascending and descending and would vary in the frequency range they covered, and that the probe tone would not necessarily be one of the tones they heard in the musical scale.
RESULTS
Individual differences
Listeners were chosen to approximate a uniform distribution of musical background, which ranged from no musical background to 9 years of music instruction and performance. To evaluate the response consistency of listeners with such diverse musical backgrounds, intersubject correlations for the response profile were computed; these ranged from .387 to .914 and averaged .604. Results of applying the additive tree-fitting method, ADD-TREE (Sattath & Tversky, 1977) , to the matrix of correlations suggested two major groups of listeners plus two single listeners, a grouping that explained 92 % of the variance in the correlational data (Formula 1 stress = .062).
These two groups, referred to as Groups 1 and 2, differed significantly in musical background. The average numbers of years for performing (voice or instrument) were 5.3 and 2.3 [t(8) = 2.51, p < .05] and for musical training were 7.2 and 2.0 [t(8) = 3.38, p < .01] for Groups 1 and 2, respectively. The ungrouped listeners both reported having no musical background and are not considered further in this analysis.
Ratings Following the Major Scale Figure 1 shows the rating profiles for Groups 1 and 2. (To facilitate comparison, all scales in these figures are shown to range from C to C', although the actual scale frequency ranges differed). Considering only the chromatic tones, these profiles are consistent with those obtained in earlier studies (e.g., Krumhansl & Kessler, 1982; Krumhansl & Shepard, 1979) , with the more musical listeners more strongly exhibiting the hierarchy of tonal functions expected from music theory. However, listeners here also discriminated in their preferences of microtones finer than the chromatic tones.
For the set of chromatic tones, Group 1 listeners strongly preferred the eight diatonic tones (C, D, ... C') over the five nondiatonic tones [t(Il) = 6.40, p < .0005, and t(11) = 4.89, p < .0005, for the ascending and descending scales, respectively], but Group 2 listeners (for whom these differences were insignificant) did not. For the set of quarter tones, both groups showed a strong preference for the 13 chromatic quarter tones over the 12 nonchromatic quarter tones [for ascending scales, t(23) = 5.69, p < .0001, and t(23) = 2.58, p < .01; for descending scales, t(23) = 5. 15, p < .0001, and t(23) = 3.93, p < .001, for Groups 1 and 2, respectively.]
For the set of eighth tones, neither group showed a significant difference in preference for the 24 quarter-tonal versus the 24 non-quarter-tonal eighth tones.
Fourier Analysis
To analyze the adequacy of the eighth-tone sampling rate, a Fourier analysis was performed on each of the proc files. A Fourier analysis fits a continuous curve composed only of cosine (or, equivalently, sine) curves to a given set of data points. Each cosine term is called a Fourier harmonic (not to be confused with acoustic harmonics) and has an associated phase and amplitude. The equation for a Fourier curve, which exactly fits the data at the given points and gives estimates of all points in between, is:
here f is the estimated Fourier curve over the variable 0, ndata is the number of data points, Ak is the amplitude, and <l>k is the phase of the kth harmonic in the curve. In these analyses, there are 48 data points, which determine 24 Fourier harmonics for each of the profiles.
In interpreting Fourier analysis results, our primary interest here is in a measure of the relative prominence of each of the Fourier harmonics to the total curve, called the PCV (for percent contribution to the total variance of the curve) of a harmonic:
This equation shows that only the amplitude and not the phase is of interest. A graph of PCV versus Fourier harmonics is called a power spectrum.
Calculating the Fourier parameters. To calculate the Fourier parameters, the data were slightly altered in two ways. First, because we assume periodicity of the ratings on the octave interval (to meet the Fourier assumption of periodicity ofthe data), the ratings for the starting and ending tones of the scale were replaced with one rating equal to their average. Second, the Oth Fourier harmonic, which is an additive constant whose only effect is to translate the curve vertically, was factored out of the PCVs by subtracting from the data the mean rating for each profile (resulting in an amplitude ofzero for this harmonic.)
The fast Fourier transform (see, e.g., Bracewell, 1973; Brigham, 1974 ) was applied to the data. Figure 2 shows the power spectra of the 24 Fourier harmonics for the profiles, and the appendix gives the amplitude, phase, and PCV of these harmonics. The most striking consistency in these results is that the combined PCV of the 12 upper harmonics (i.e., those above the 12th harmonic) is quite small: 15.7% and 8.0% for the ascending and descending scales, respectively, for Group 1; and 14.7% and 25.9% for the two respective scales for Group 2. Thus, in most of the analyses, one-half of the terms in the Fourier series, in particular the last half, together account for less than one-sixth of the total variance of the curve. This result implies that removal of these upper 12 harmonics would result in a minimal loss of information in the Fourier curve. Removal of these 12 harmonics reduces the number of harmonics to 12, or one-half that of the present number, and corresponds to reducing the sampling rate of probes from eighth tones to quarter tones.
However, the prominence of the 12th harmonic prohibits the removal of any more than these upper 12 harmonics from the analysis. This harmonic accounts for 37.5% and 35.2% of the total variance of the curve for the ascending and descending scales, respectively, for 
Interpretation of Fourier Harmonics
Certain individual Fourier harmonics emphasize specific diatonic features of listeners' preference rating patterns for tones. The 12th harmonic, by far the most prominent for most profiles, corresponds to a cosine curve with a period of 1 semitone. Given a phase shift such that the rating for the tonic (C) is a maximum, this curve produces other maxima only on the chromatic tones, and minima only on the nonchromatic quarter tones (see Figure 3) . Thus, this harmonic maximally differentiates the 12 chromatic from the 12 nonchromatic quarter tones, rier curve of a profile obtained with quarter tones (and not, in particular, from a curve obtained with only the chromatic tones).
The necessary and sufficient status of the quarter-tone sampling rate, together with the unnecessary status of the eighth-tone sampling rate for profiles, implies a discriminability interval of an eighth tone to a quarter tone, or 25-50 cents, for this rating task. This interval agrees with those reported in earlier discriminability studies (Bums & Ward, 1978 : Dobbins & Cuddy, 1982 Houtsma, 1968) .
The results of this experiment therefore extend earlier findings that a hierarchy of tonal functions strongly influences listeners' perceptions of tones within a musical scale context, and, furthermore, that this influence varies with musical background (Krumhansl & Kessler, 1982; Krumhansl & Shepard, 1979) . Evidently, this hierarchy includes quarter tones as well. However, Krumhansl and Shepard (1979) found (in their second experiment) that, for a similar rating task, listeners did not discriminate between quarter tones. In that experiment, listeners rated how well a probe tone that occurred in either the octave above or the octave below a preceding major scale finished that scale. Possibly, this octave difference between probe and scale tones has an effect on listeners' discriminability for tone preferences. Octave changes of tones have been found to be disruptive in the recognition of melodies (Deutsch, 1972 (Deutsch, , 1978 Dowling & Hollombe, 1977) and in interference effects on pitch memory (Deutsch, 1973) . Also, any preservation properties of octave equivalence in general have been questioned (Kallman, 1982; Thurlow & Erchul, 1977) . However, the effect of octave differences on probe-tone discriminability for this rating task remains to be investigated.
It has been suggested that the division of the octave into 12 chromatic steps optimally satisfies cognitive processing constraints given our sensory-level perceptual abilities (Balzano, 1980; Dowling, 1978; Shepard, 1982) . Following this premise, the discriminability of quarter tones as observed in this study might occur because the 12 nonchromatic quarter tones, each being midway between two chromatic tones, are maximally distant from, and therefore most easily distinguishable from, the chromatic tones.
Descending Ascending Listeners
Comparison of Estimated Ratings From Lower Sampling Rates
Using the current set of data, estimated ratings of eighth tones were interpolated from Fourier curves generated by probe tones at the quarter-tone and semitone sampling rates and compared with the actual ratings of these eighth tones. The quarter-tone and semitone sampling rates were simulated by selecting, along the frequency continuum, every other data point and every fourth data point, respectively. Correlations between estimated and actual eighth tone ratings for each of these lower sampling rates and for the two listener groups are given in Table 1 . The highest correlations occurred for eighth-tone ratings estimated from a quarter-tone Fourier curve; they ranged from.704 to .917. By comparison, the correlations for eighth-tone ratings estimated from a semitone Fourier curve ranged from only .347 to .581. Additionally, across sampling rates and scale contexts, correlations were higher for the more musical Group 1 listeners.
The results of this experiment show that: (1) the influence of a diatonic hierarchy of tonal functions on listeners' perceptions of musical tones extends to frequencies finer than those of the 12 chromatic tonesspecifically, to the 24 quarter tones, but not, apparently, to the much finer 48 eighth tones; (2) a Fourier curve generated by a rating profile obtained with quarter-tone probes estimates, with acceptable accuracy, the curve generated with eighth-tone probes-again verifying that listeners' discrirninability level for tones in this rating task is closer to quarter-tone than to eighth-tone intervals; and (3) in fact, a quarter-tone sampling rate of probes is both necessary and sufficient for capturing, in a preference rating profile, the relevant psychological information, as indicated by our ability to remove, with minimal loss of information, the upper 12 and only the upper 12 Fourier harmonics from Fourier curves obtained at an eighth-tone sampling rate. This last point implies that ratings of tones not probed may be justifiably interpolated from the Fou- Table 1 Correlations Between Actual and Estimated Eighth-Tone Ratings Scale Figure 3 . Ulustration orthe 12th Fourier harmonic, which has a period of 1 semitone, cycling through tonal frequencies such that the chromatic tones receive a maximum rating and the nonchromatic quarter tones a minimum rating.
verifying that listeners distinguish, rather sharply, between these tones and, in particular, tend to rate the chromatic tones high and the nonchromatic quarter tones low. However, this tendency as indicated by this harmonic is less pronounced for the less musical listeners.
Each of the fifth and seventh Fourier harmonics, also very prominent in the profiles, corresponds to a cosine curve that, given a phase shift such that the rating for the tonic (C) is a maximum, produces the following partial ordering of the chromatic tones based on ratings: ( {C}, {G, F}, {D, AU}, {A, DU}, {E, GU}, {B, CU}, {FU}). Thus, each of these two harmonics captures the tendency of listeners to most strongly prefer the tonic tone C, followed by G (the dominant) and F (the subdominant)-that is, the most stable tones in the hierarchy of tonal functions. (Beyond these three tones, however, this partial ordering of chromatic tones departs from that given by listeners' ratings; e.g., listeners clearly prefer A over AU).
The first Fourier harmonic, which was the most prominent for the less musical listeners in the ascending context, has a period of 1 octave and, with proper phase shift, corresponds to a trend effect due to pitch height. Apparently, for less musical listeners, pitch height is a principal factor in the musical interpretation of tones, consistent with findings from earlier studies (e.g., Attneave & Olson, 1971; Krumhansl & Shepard, 1979) .
Thus, in this study, a Fourier analysis of the data highlighted the influence of specific diatonic structures on listeners' perception of tones, and conclusively verified that, at least for this rating task, probing listeners at quarter-tone intervals sufficiently samples cognitive representations of music to reveal their influence on the musical perception of all tonal frequencies within a diatonic context. These results suggest that this signalprocessing approach may prove useful in analyzing psychological data involving cognitive phenomena other than-as well as including-those concerned with musical perception. 
